Introduction
============

Blast-related ocular injuries are of increasing concern in both military and civilian populations due to the potential long-term health problems and high treatment costs associated with recovery. Ocular injuries are the fourth most common battlefield injury sustained by military personnel, with an estimated incidence of 6%--13% among all blast injuries \[[@r1]-[@r3]\]. Ocular injury among blast victims is frequently linked to a combination of warfare tactics and the high-energy force of improvised explosive devices (IEDs) that are increasingly used by insurgents \[[@r1],[@r2],[@r4]\].

Generally, blast-induced damage of ocular structures results from a combination of different mechanisms. For example, a primary blast injury as the result of an explosive is caused by the blast wave itself, while changes in atmospheric pressure can create a shock wave impact to soft tissues. Specifically, the factors that influence the primary blast effect include the peak overpressure, its duration, the distance from the explosion, and the angle between the direction of the blast pressure wave and the eyes \[[@r5],[@r6]\]. Other injury mechanisms include secondary blast injury from blast fragments, such as metal casing or flying debris from the explosive device. Tertiary blast injury occurs when displaced victims impact a stationary object with rapid deceleration. Severe chemical and/or thermal burns or other long-term effects (quaternary injuries) may also occur due to the explosive or other indirect injuries \[[@r5]-[@r7]\].

Despite clinical evidence regarding blast-induced ocular injury and many reports of visual dysfunction among blast victims, there is a paucity of studies on the pathological changes and molecular mechanisms associated with primary blast-induced ocular injury to the cornea \[[@r8]\]. It is noteworthy that recent studies involving rat and mouse models have found an increased expression of biomarkers associated with inflammation, oxidative stress, and apoptosis, as well as edema-regulating proteins (aquaporins or AQPs) in the retina, thus suggesting pathological changes associated with primary blast injuries \[[@r9]-[@r11]\]. It is also noteworthy that the increased levels of most of these biomarkers were observed immediately after blast exposure and were sustained up to two weeks, suggesting both acute and chronic phases of the injury \[[@r11]\].

In this context, our group previously showed that exposing rabbits to low-level blast overpressure generated by a large-scale shock tube resulted in corneal edema, evidenced by the increased thickness of corneal and retinal tissues associated with an acute manifestation of tissue swelling \[[@r12]\]. Corneal edema is the pathological condition of increased water content resulting from various coexisting corneal insults, including ocular surgery, trauma, infection, and secondary inflammation \[[@r13],[@r14]\]. Consequently, the altered expression of AQPs is of great importance in the pathophysiology of corneal edema.

AQPs are transmembrane proteins that selectively allow the passage of water through the plasma membrane of fluid-transporting cells throughout the body \[[@r15]\]. To date, 13 subtypes of AQPs have been characterized, and AQP1, AQP3, and AQP5 have been found to be localized in the cornea \[[@r15],[@r16]\]. AQP1 tends to be expressed in the plasma membrane of endothelial cells and stromal keratocytes in species as diverse as humans, mice, rats, cows, and rabbits \[[@r17]-[@r20]\]. Other subtypes, such as AQP3 and AQP5, are expressed in corneal epithelial cells in humans, mice, rats, and rabbits \[[@r17]-[@r19]\]. In rabbits, AQP3 is expressed in both the cornea and the conjunctiva \[[@r17]\].

Previous reports have demonstrated altered expression levels of AQP1, AQP3, and AQP4 in human corneas isolated from pseudophakic bullous keratopathy (PBK) and Fuchs' dystrophy (FD) patients, both of which exhibit corneal edema \[[@r21],[@r22]\]. Here, we investigated the expression levels of AQP1 and AQP5 in the corneas of rabbits that were subjected to primary blast exposure, as previously studied by Jones et al. \[[@r12]\]. The focus of our study of these two AQPs stems from previous reports showing the high prevalence of AQP1 in rabbit corneas \[[@r17]\] and the implications of AQP1 and AQP5 in corneal epithelial wound healing \[[@r23],[@r24]\]. Of the 13 subtypes of AQPs, AQP5 and AQP1 are major components of an osmotically driven water pathway across the corneal epithelium and endothelium, respectively \[[@r25],[@r26]\]. Based on this, it is prudent to investigate the impact of blast injury on AQP1 and AQP5, as these proteins are well expressed in the cornea and may play an important role in edema related to blast injury.

We hypothesized that primary blast exposure would not only increase corneal thickness (CT) but also elevate the expression of biomarkers linked to corneal edema. Therefore, we evaluated the status of water channel AQPs (AQP1 and AQP5) in the cornea after primary blast wave exposure in a rabbit ocular blast injury model.

Methods
=======

Animals
-------

This study used adult male Dutch Belted rabbits weighing 1.5--2.5 kg purchased from Covance, (Denver, PA). All rabbits were housed in room temperature conditions with a 12 h regular light/dark cycle and ad libitum access to food and water. Each rabbit was submitted to an ophthalmological examination (described below) before and after blast exposure. All experimental work was performed at the U.S. Army Institute of Surgical Research (USAISR) at JBSA Fort Sam Houston in San Antonio, Texas. This study adhered to the tenets of the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Visual Research. This research was conducted in compliance with the Animal Welfare Act by implementing animal welfare regulations and the principles of the National Research Council's Guide for the Care and Use of Laboratory Animals. The facility's Institutional Animal Care and Use Committee (IACUC) approved all research protocols in this study. The facility is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International.

Ophthalmological examinations
-----------------------------

Each animal was weighed and anesthetized using an intramuscular injection of ketamine/xylazine (45/5 mg/kg body wt. dose). Prior to the ocular examination, the eyes of the anesthetized rabbits were treated with 1--2 drops of tetracaine hydrochloride, a topical anesthetic ophthalmic solution (Bausch & Lomb, Tampa, FL). Next, 1--2 drops of 1% tropicamide (Bausch & Lomb) were administered for pupil dilation and retinal fundus assessment. Saline was periodically applied to the cornea to keep the eyes clear and moist during the examination. For ophthalmic evaluations, a dilated slit-lamp exam of both eyes was performed during the baseline examination, immediately after blast wave exposure, and 48 h post-blast. Corneal defects or injuries, such as corneal opacity, abrasions, lacerations, or other injuries to the corneal surface, and retinal hemorrhage were recorded. Changes in CT were determined by corneal confocal scanning laser microscopy (HRT 3, Heidelberg Engineering, Heidelberg, Germany). Vigamox^®^ (Alcon, Fort Worth, TX) and an ophthalmic lubricant (GenTeal^®^, Alcon) were applied to the eyes at the end of the ophthalmic examinations, at which point the rabbits were placed in a recovery chamber until fully awake and then returned to their cage. Animals with pre-existing ocular pathology were excluded before the start of the study.

Ocular blast injury model
-------------------------

A large, compressed-air-driven shock tube was used in this study to simulate primary blast wave exposure ([Figure 1](#f1){ref-type="fig"}). Detailed descriptions of this system have been provided previously \[[@r12]\]. A rabbit model was adopted because scaling laws suggest that models larger than rat or mouse models are needed to more accurately emulate the blast loading experience in relation to the human eye \[[@r12],[@r27]\]. Prior to blast exposure, the rabbits were anesthetized using ketamine/xylazine as stated above, along with a subcutaneous injection of 2 mg/kg body wt. buprenorphine as an analgesic. Supplemental sedation with isoflurane was used throughout the experiment for maintenance.

![Deployment of a compressed air-driven shock tube to deliver a primary blast effect to rabbit eyes. (**A**) Schematic representation of the air-driven shock tube device. (**B**) Position of pressure sensors relative to target. The bodies of the rabbits are protected by a PVC tube. (**C**) Graph of typical blast overpressure wave profile. Note that the duration of the positive pressure peak is approximately 3 ms.](mv-v25-283-f1){#f1}

Each rabbit from the experimental group was placed in a PVC pipe holder (4-inch inner diameter by 24 inches long) so that the body was protected from the blast wave. The rabbits were then placed in the expansion cone of the shock tube for blast wave exposure. A 0.9% normal saline solution was used to keep the eyes moist throughout the experiment. The rabbits from the experimental group were aligned axially directly in the shock tube so that both eyes would simultaneously receive the same exposure ([Figure 1](#f1){ref-type="fig"}). The rabbits were then exposed to a blast wave peak overpressure of 142.5--164.1 kPa with a positive-phase overpressure impulse (impulse per unit surface area) of 199.6--228.5 Pa-s. The control rabbits were treated identically (including placement in the shock tube) except for the blast exposure.

Immediately after the blast exposure, the rabbits were submitted to an ophthalmic examination, as noted above, to look for any evidence of induced ocular trauma. The rabbits were anesthetized at 48 h post-blast with ketamine and xylazine for follow up of any eye injuries and corneal confocal imaging assessments. The rabbits were then euthanized with an intravenous or intracardiac dose of the veterinary euthanasia solution Fatal-Plus (390 mg/ml phenobarbital, 0.01 mg/ml propylene glycol, 0.29 mg/ml ethyl alcohol, 0.2 mg/ml benzyl alcohol; total dose 150 mg/kg; Vortech Pharmaceuticals, Dearborn, MI), and the eyes were immediately harvested for molecular, biochemical, and immunohistochemical analyses.

In vivo imaging
---------------

CT was measured using corneal confocal microscopy images (HRT-Rostock Cornea Module (HRT-RCM), Heidelberg Engineering). An apical z-stack of images was used to estimate CT. A drop of topical anesthetic (tetracaine) was administered in both eyes of anesthetized rabbits. A drop of GenTeal^®^ was placed on the tip of the HRT-RCM objective lens to serve as a thin liquid cushion and to eliminate surface reflections. For CT, scans were made from the epithelial cell layer to the bottom of the endothelial cell layer; images were collected using HRT-RCM streaming software. Five separate volume scans were performed sequentially in the central region of each cornea because the thickness of the cornea exceeded the scanning capabilities of the instrument. Each volume scan consisted of 40 image frames and covered a depth of 77 µm at an acquisition rate of approximately 4.7 frames/s. The starting point for each new scan was set by manually positioning the instrument at the ending position of the previous scan. The field of view for each 384 × 384 pixel image was 400 µm × 400 µm, resulting in a voxel size of 2 µm (z-axis). All image analyses were performed for both eyes of each animal.

RNA isolation, cDNA synthesis, and quantitative PCR (qPCR)
----------------------------------------------------------

Total RNA was isolated from corneal samples (RNeasy^®^ Mini Kit; Qiagen, Germantown, MD) followed by on-column DNase digestion per the manufacturer's instructions. RNA quality and quantity was evaluated using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE), and 1 μg total RNA was reverse transcribed (TaqMan, Invitrogen, Carlsbad, CA). The qPCR amplification of AQP1 and AQP5 transcripts and the endogenous control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was performed for each template using IQ SYBR^®^ Green Supermix (Bio-Rad, Hercules, CA) and the CFX96 qPCR Detection System (Bio-Rad) using the following protocol: an initial denaturation at 95 °C for 3 min followed by 40 cycles at 95 °C for 10 s and at 60 °C for 30 s. The sequences of primers and probes of AQP1, AQP5, and GAPDH used in this study are listed in [Table 1](#t1){ref-type="table"}. All experiments were conducted independently at least three times with triplicate reactions for each cDNA tested, and the results were normalized to GAPDH using the ∆∆Ct method.

###### Primer used for quantitative PCR.

  **Gene**    **Sense primer (5′→3′)**                 **Antisense primer (5′→3′)**
  ----------- ---------------------------------------- --------------------------------------------
  GAPDH       GGGTGGTGGACCTCATGGT                      CGGTGGTTTGAGGGCTCTTA
  AQP1 AQP5   AGCTGGTGCTGTGTGTGC CTGGTGCTGGCATCCTCTA   AATGCCACAGCCAGTGTAGTC GCTGGAAGGTGAGGATCAAC

Western blotting
----------------

Corneal samples were homogenized in isolation buffer (5% sorbitol, 0.5 mM disodium EDTA, 0.2 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail, 5 mM histidine-imidazole buffer; pH 7.5) and centrifuged at 2,000 × *g* for 20 min. Proteins (10--20 µg) in the supernatant were denatured in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS--PAGE) sample buffer for 20 min at 60 °C, resolved on 4%--20% gradient SDS--PAGE gel (Bio-Rad), and transferred onto nitrocellulose membranes. The membranes were washed with 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 0.05% Tween-20 (TBST) and blocked with 5% w/v non-fat dry skim milk in TBST for 1 h at room temperature. Separate membrane blots were probed with AQP1 (1:100 goat polyclonal:SC-9878) and AQP5 (1:100 goat polyclonal:SC-9891) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4 °C. After rinsing with TBST, all blots were incubated with donkey anti-goat horseradish peroxidase antibody at 1:2000 dilution (Pierce Biotechnology, Inc., Rockford, IL) for 1 h and detected with an enhanced chemiluminescence detection system (Super Signal West Pico Horseradish Peroxidase Detection Kit; Pierce Biotechnology, Inc.). Subsequently, membranes were stripped and probed with anti-β-actin antibody at 1:1000 dilution (SC-47778, Santa Cruz Biotechnology) followed by incubation with 1:2,000 donkey anti-mouse horseradish peroxidase (Pierce Biotechnology, Inc.) as the secondary antibody for normalization. The band intensity was detected using the BioRad ChemiDoc MP imaging system (Bio-Rad). Densitometry analysis of the resulting bands was performed using Image J software (Image J 1.36b; NIH, Rockville Pike, MD).

Immunohistochemistry
--------------------

Enucleated eyes were fixed for 24 h with modified Davidson's solution (EMS, Hatfield, PA) followed by 10% normal buffered formalin. Fixed samples were dehydrated, embedded in paraffin, and sectioned (4-μm slices) before immunohistochemical labeling. For immunohistochemical labeling, slides were deparaffinized in xylene and rehydrated using a series of 100% ethanol, 95% ethanol, 70% ethanol, and deionized water. Following deparaffinization, an antigen retrieval method was performed using sodium citrate buffer (pH 6) at 85 °C for 15 min. Staining was performed by hydrating the tissue using Hank's balanced salt solution (HBSS). Slides were then blocked using 10% normal horse serum for 30 min, followed by incubation with AQP1 (1:500) and AQP5 (1:50) antibodies for 30 min at room temperature. Following incubation, the antibody was washed with HBSS and probed with a secondary biotinylated horse-anti-goat IgG (1:250, BA-1100, Vector Laboratories, Burlingame, CA) for 1 h, washed with HBSS, and detected with 3,3′-diaminobenzidine (SK-4105, Vector Laboratories). The slides were rinsed in tap water to stop the development of the 3, 3′-diaminobenzidine substrate and then counterstained with Gill's hematoxylin. The slides were dehydrated using the reverse of the deparaffinization treatment described above before putting on coverslips.

Statistical analysis
--------------------

Data were presented as the mean ± standard error of the mean (SEM) of at least three different experiments, and duplicate or triplicate determinations were performed in each experiment. CT results were subjected to a Wilcoxon sum rank test. For densitometry results of western blot data and relative mRNA abundance data from corneal samples, unpaired *t* tests were performed using SigmaPlot 11.0 (Systat Software, San Jose, CA). A p value \<0.05 was deemed to indicate statistical significance.

Results
=======

Slit-lamp examination and corneal thickness measurement
-------------------------------------------------------

Under slit-lamp examination, corneal abrasions and transient corneal opacities were observed immediately after blast wave exposure of both eyes from three exposed animals but then resolved at 48 h post-blast ([Figure 2C-D](#f2){ref-type="fig"}). No other corneal injuries, such as ocular lacerations, rupture with prolapse, or retinal hemorrhage, were observed with blast wave exposure. No other visible injuries or conditions affecting corneal transparency were observed during baseline examination or at 48 h after blast wave exposure.

![Representative ophthalmic evaluations using a dilated slit-lamp exam of both eyes during baseline (**A--B**), immediately after blast wave exposure (**C--D**), and 48 h post-blast (**E--F**). OD: Right eye; OS: left eye. The red arrow indicates transient corneal opacity, and the yellow arrows indicate corneal abrasion. Data are representative of at least six different animals per group.](mv-v25-283-f2){#f2}

[Figure 3](#f3){ref-type="fig"} shows the CT measurements of experimental and control rabbits obtained via confocal microscopy 48 h post-blast exposure. The mean thickness after blast exposure was 360.0±14.4 µm and 367.0±21.8 µm for right eye corneas (OD) and left eye corneas (OS), respectively. The corneas of the control rabbits had a mean thickness of 294.5±9.8 μm and 300.0±9.6 µm for OD and OS, respectively. The mean thickness of corneas from both eyes before blast exposure at baseline was 303.7±9.2 μm. We observed a significant difference in CT between the blast-exposed rabbits and the control rabbits (p\<0.05). CT remained elevated up to 18% at 48 h post-blast exposure.

![Corneal thickness measurement by confocal microscopy. OD: Right eye; OS: left eye. Scan at 48 h post-blast exposure. \*Control cornea compared to blast-exposed cornea (p\<0.05). Data are presented as mean ± SEM of three to four animals per group.](mv-v25-283-f3){#f3}

Expression of AQP1 and AQP5 mRNA
--------------------------------

Total RNA samples from the corneas of blast-exposed and control rabbits were reverse transcribed and subjected to quantitative PCR to determine the expression of AQP1 and AQP5 using gene-specific primers ([Table 1](#t1){ref-type="table"}). Transcript levels of AQP1 in whole corneas were 9.3-fold higher in blast-exposed rabbits compared to control rabbits ([Figure 4A](#f4){ref-type="fig"}, p\<0.0001). Blast-exposed rabbits showed a 1.5-fold increase in AQP5 transcript levels compared to control rabbits, but this was not statistically significant ([Figure 4B](#f4){ref-type="fig"}, p=0.17). Quantitative PCR data revealed the upregulation of AQP1 and AQP5 transcripts in the whole cornea after blast exposure.

![Quantitative PCR (qPCR) of AQP1 and AQP5 transcripts in cornea samples of blast-exposed rabbits. (**A**) The mRNA level for AQP1 was significantly increased (p\<0.0001) in whole corneas harvested from blast-exposed rabbits compared to those of control rabbits. (**B**) Although the mRNA levels of AQP5 in blast-exposed eyes trended to higher than those in control eyes, the mean difference between the two groups was not statistically significant (p=0.17). Data are presented as mean ± SEM of three to five animals per group.](mv-v25-283-f4){#f4}

Protein expression of AQP1 and AQP5
-----------------------------------

The increase in AQP1 and AQP5 expression at the transcriptional level in rabbit corneas after blast exposure prompted us to determine whether there is a corresponding increase in expression at the protein level. AQP1 and AQP5 protein expression levels in control rabbits and blast-exposed rabbits were analyzed by western blot and normalized to the expression of β-actin, which also served as a loading control. Western blots of whole cornea lysates revealed that both unglycosylated (approx. 29 kDa) and glycosylated (approx. 34 kDa) forms of AQP1 and AQP5 can be detected in control and blast exposed animals ([Figure 5A-B](#f5){ref-type="fig"}). Quantitative densitometry analyses confirmed a blast-induced upregulation of AQP1 and AQP5 expression in the cornea. [Figure 5A](#f5){ref-type="fig"} shows that the total AQP1 level was significantly higher in the blast-exposed rabbits (1.36±0.18) compared to the control rabbits (0.56±0.14; p\<0.05). AQP5 levels were also significantly higher ([Figure 5B](#f5){ref-type="fig"}) in blast-exposed rabbits (1.23±0.03) compared to control rabbits (0.82±0.07; p\<0.05).

![Western blots of AQP1 (**A**) and AQP5 (**B**) proteins isolated from whole cornea homogenates. The densitometry scans of gels are shown in the bottom section of each panel. AQP1 and AQP5 levels were significantly increased in the corneas of blast-exposed rabbits. β-actin was used as the loading control. Arrows indicate molecular weight for AQP1, AQP5, and β-actin. Data are presented as mean ± SEM of six animals per group.](mv-v25-283-f5){#f5}

Immunolocalization of AQP1 and AQP5
-----------------------------------

[Figure 6](#f6){ref-type="fig"} shows positive AQP1 and AQP5 staining distributed among different corneal cell layers in both control and blast-exposed rabbit corneas. AQP1 immunostaining (AQP1-IS) was observed in the corneal endothelium and stromal cells in both control and blast-exposed rabbits ([Figure 6A-B](#f6){ref-type="fig"}). Notably, due to blast exposure, IS pattern of AQP1 was altered as evident from AQP1 staining on the membrane of basal side mid-epithelial cells in contrast to the expression on the membrane of superficial corneal epithelial cells ([Figure 6B](#f6){ref-type="fig"}). There was also a focal area of several basal cornea epithelial cells in which the apical, basal, and basolateral aspects of the cell membrane demonstrated strong positive AQP1-IS from blast-exposed rabbits compared to control rabbits ([Figure 6B](#f6){ref-type="fig"}).

![Immunohistochemical localization of AQP1 and AQP5 in the cornea after blast exposure (**B--D**) compared to control (**A--C**). The extent of AQP1 immunostaining increased across the corneal epithelial cells of blast-exposed rabbits (**B**) compared to those of control rabbits (**A**). AQP5 immunostaining changed from a mixed membrane and cytoplasmic expression in the corneal epithelium of control rabbits (**C**) to predominantly cytoplasmic expression in the basally located cornea epithelial cells after blast exposure (**D**). The arrows indicate plasma membrane distribution of the corneal epithelium. The image was captured with 100X (bards=100 µm) and 200X magnification (bards=50 µm).](mv-v25-283-f6){#f6}

In contrast, a mixed AQP5-IS pattern (changed from a mixed membrane and cytoplasmic expression) in the controls to a predominantly cytoplasmic expression in the basally located epithelial cells in the corneas of blast-exposed rabbits suggests an AQP5 translocation ([Figure 6C-D](#f6){ref-type="fig"}). Minimal AQP5-IS was detected in the corneal stromal keratocytes and corneal endothelial cells of both control and blast-exposed rabbits ([Figure 6C-D](#f6){ref-type="fig"}). Clearly, these images reflect differential expression patterns of AQP1 and AQP5 in the corneas of blast-exposed rabbits compared to those of control rabbits. Altogether, this data indicates that the enhanced expression of AQP1 and changes in the immunolocalization of AQP5 are related to corneal injury arising from elevated blast overpressure.

Discussion
==========

In this study, we have shown that blast exposure induces corneal edema, as evidenced by significant changes in CT and the upregulation of the expression of AQPs. Our results revealed increased CT and are concordant with previous findings correlating a sustained increase in CT with elevated specific impulses that persisted during a 48-h follow-up period \[[@r12]\]. In a report by Jones et al. \[[@r12]\], corneal edema was quantified based on normalized thickness measurements using corneal confocal imaging, which correlated with respective specific impulses, and on histological findings of increased interlamellar voids corresponding to water infiltration \[[@r12]\]. Of note, our study applied a similar approach to demonstrate elevated CT up to 18% in rabbits exposed to blast overpressures of approximately150 kPa. The blast overpressure level used in our injury model was higher than the blast levels used (approximately 117 kPa) by Jones et al. \[[@r12]\].

Slit-lamp examination showed corneal abrasion that resolved 48 h post-blast injury. This finding implies that even in a relatively pristine laboratory environment, blast-propelled particulates can injure the cornea. Changes in CT may play a pivotal role in visual acuity, contrast sensitivity, and perhaps vision-disrupting corneal transparency. The increase in CT persisted at 48 h following blast exposure in our rabbit model, indicating potential similarities with acute or predisposing chronic edema-related diseases, such as PBK and FD, which can cause significant visual impairment. Therefore, it is reasonable to state that CT measurements may emerge as a valuable marker of corneal injury associated with primary blast exposure \[[@r13],[@r28]\]. In addition, corneal transparency requires precise regulation of water and ion content in the corneal epithelium and endothelium. For instance, changes in corneal water content alter the regular diameter and spacing of stromal collagen fibrils that are believed to be critical for corneal transparency \[[@r25],[@r29]\].

In this respect, it is important to note that AQPs take part in transporting water throughout the cornea. AQPs are a family of 13 membrane proteins that function as channels facilitating water transport in response to osmotic gradients. Their localization and function in the eyes and their role in ocular diseases have been extensively reviewed \[[@r15],[@r16],[@r22],[@r30]\]. More importantly, emerging interest in disease-relevant AQPs underscores the great translational potential of AQP-based diagnostics and therapeutics \[[@r22],[@r30]-[@r32]\].

Furthermore, the increased expression of AQP1 has been implicated in corneal wound healing \[[@r23]\]. The altered expression of AQPs has been reported in corneal endothelial diseases such as PBK and FD \[[@r21]\]. It is worth mentioning that AQPs are differentially expressed in PBK corneas (decreased AQP1, increased AQP3 and AQP4) and FD corneas (decreased AQP1). Although the presence of both are correlated with vision-disrupting corneal edema, the mechanisms regulating fluid accumulation may differ in individual diseases \[[@r21]\]. Therefore, our observation revealing the altered expression of AQPs, particularly AQP1 and AQP5, in blast-related corneal injury is impactful because these AQPs might emerge as potential therapeutic targets for mitigating blast-induced corneal edema.

Acute and chronic visual problems are frequently experienced by service members and veterans following blast exposure \[[@r33],[@r34]\]. The eye injuries observed in ocular blast injury models are similar to those experienced by service members who have been exposed to IED blasts and blunt trauma \[[@r35]-[@r38]\]. For instance, Sherwood et al. reported cornea/iris angle disruptions in a postmortem porcine model following blast wave ranging from 6 psi to 16.6 psi \[[@r39]\]. Moreover, unresolved corneal edema has been observed in a mouse model of blast ocular injury \[[@r35]\]. A possible injury mechanism may involve the high blast wave exerting an energetic torsion to the cornea and thus posterior axial displacement that results in direct contact between the cornea and the lens or iris before the cornea returns to its original position. This blast-mediated injury mechanism may cause corneal epithelial and endothelial cell damage by disrupting the carbonic anhydrase activity and pump-leak mechanism and/or by altering the expression of AQPs associated with water movement. Altogether, these may lead to corneal edema, possibly exacerbating an induced inflammatory response or transiently inducing corneal lymphangiogenesis \[[@r13]\].

In the present study, we found the increased expression of AQPs in corneas after blast wave exposure. We found increased mRNA and protein levels of AQP1 and AQP5 in whole corneas harvested from blast-exposed rabbits compared to those harvested from control rabbits. In blast-exposed corneas, AQP1 mRNA levels were significantly increased (approximately ninefold) compared to matched controls. The mRNA levels of AQP5 in blast-exposed eyes tended to be higher than those in control eyes. A concordant increase in AQP1 immunostaining was also noted in different cornea epithelial cell layers after blast exposure.

With respect to AQP5 subcellular immunolocalization, AQP5 was also localized in the cytosol and cell membranes of epithelial cells from both control and blast-exposed rabbits. However, a predominant cytoplasmic expression in the basally located epithelial cells after blast exposure suggests an alteration in the localization of AQP5 due to either the translocation or internalization of AQP5 following blast exposure.

The plasma membrane expression of AQP5 and its translocation are regulated by multiple pathways \[[@r40]-[@r42]\]. In this regard, AQP5 translocation has also been shown to be affected by cAMP in a protein kinase A (PKA)-dependent manner \[[@r43]\]. Intracellular cAMP levels have been shown to regulate AQP5 abundance at the transcriptional level, thus affecting its long-term (≥24 h) sub-cellular distribution \[[@r44]\]. Sidhaye et al. observed a biphasic effect on AQP5 expression and membrane localization when cells expressing AQP5 were exposed to cAMP for short- and long-term periods \[[@r43]\]. For instance, increasing cAMP levels induced a decreased expression of AQP5 in cell membranes in the short term due to increased internalization, followed by an increase in trafficking of AQP5 to the plasma membrane in the long term \[[@r43]\]. This dual response to increased cAMP levels of the trafficking of AQP5 may explain the differences in AQP5 plasma membrane localization in the cornea after primary blast exposure.

It is possible that the immunostaining pattern of AQP5 as seen in the cytosol may be related to the increased trafficking of AQP5 in response to altered cAMP levels after blast exposure. Kumari et al. found that intracellular trafficking and localization of AQP5 expression in corneal epithelial cells are regulated by cAMP through the PKA pathway \[[@r45]\]. They also found that corneas exposed to cAMP (100 μM) for 30 min or 6 h showed a significant decrease in AQP5 from plasma membrane localization, while corneas exposed to the PKA inhibitor H-89 (20 μM) for the same time period had increased AQP5 plasma membrane localization, and the abundance of AQP5 depended upon the extent of exposure \[[@r45]\]. Therefore, it is possible that blast exposure may alter the PKA-mediated regulation of AQP5 in corneal epithelial cells, leading to corneal swelling. AQP5 has recently been shown to participate in other cellular functions, such as cell-to-cell adhesion, cell migration, and cell proliferation \[[@r24]\]. Thus, the increased expression of AQP5 after blast exposure may also be involved in corneal epithelial wound healing by increasing proliferation and potentially stimulating the migration machinery.

Although our blast-injury model showed the increased expression and increased spatial location of AQP1 and AQP5 in blast-exposed corneas at 48 h, further time-course studies are necessary to elucidate the expression of AQP5 in the short term (several hours) and later (72 h to a week) after blast exposure to understand its involvement in injury and the wound-healing response. Further studies are also warranted to identify the underlying mechanisms and signaling pathways of AQP1 and AQP5 vis-à-vis blast exposure.

Given that both AQP1 and AQP5 expression are upregulated, they may contribute to corneal edema resulting from primary blast exposure. Another possibility is that this altered expression is part of the wound-healing process because an increase in the expression of AQPs in contact with the stroma might allow the cells to transport more water into the cornea to enable cell migration and accelerate the healing process \[[@r23]\].

It is tempting to speculate that the significant changes in CT sustained for 48 h and the upregulation of AQPs triggered by blast exposure observed in our injury model could be linked to an inflammatory response to blast exposure. Indeed, Por et al. recently reported that both low-level single and repeated blast exposures can lead to the increased expression of transient receptor potential vanilloid 1 (TRPV1), a polymodal swelling-sensitive cation channel, and the infiltration of neutrophils in corneas in a rat model \[[@r46]\]. Jo et al. found synergistic cooperation between glial AQP4 and TRPV4 in mouse retinas, suggesting potential cross-talk between glial reactivity and edema formation in response to retinal injury \[[@r47]\]. It is plausible that the migration of neutrophils to the site of damage/injury may lead to the amplification of robust inflammatory responses. However, our blast injury rabbit model indicates no infiltration of inflammatory cells to the corneal stroma, despite swelling of the cornea in response to the blast-induced injury. Moreover, the presence of TRVPs was not evaluated in this study. Further studies are necessary to confirm the link between AQP-mediated corneal edema, the expression of TRPV1, and the inflammatory cytokines in our model.

In conclusion, primary blast exposure resulted in edema-related corneal changes characterized by increased CT and the altered expression of AQPs (but not limited to AQP1 and AQP5) with blast overpressure-specific impulses. Nevertheless, we cannot exclude the possibility of the upregulation of other AQP family member(s) not studied here. The findings of this investigation hint at potential acute injury mechanisms indicating that primary blast exposure may increase water permeability. The regulatory role of the elevated expression of AQPs in primary blast-induced ocular injury remains unclear. In-depth studies are warranted to elucidate the underlying mechanisms and the potential role of AQP family members in the detrimental effect of primary blast exposure on corneal tissues.
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